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Abstract 
Amputees not only lack motor function, but also sensory feedback of the missing limb. It has been shown that lower-
limb amputees can improve certain gait characteristics when they perceive additional information about the kinematics 
and kinetics of their prosthetic leg. In this paper, we address the question whether it is feasible to provide centre of 
pressure location information via electrotactile displays by exploiting the phantom sensation phenomenon, where 
relative intensity of two electrode pairs is used to encode position between them, creating a single illusory stimulus. 
Four healthy subjects were asked to identify different locations or movement patterns of the illusory stimulus on a 
discrete scale under static and dynamic conditions. These stimuli resembled CoP patterns in different locomotor 
activities. An average recognition accuracy of 73% (std. dev. 17%) was achieved under static conditions, and of 71% 
(std. dev. 11%) under dynamic conditions. This indicates that the proposed display and mapping can be used to present 
centre of pressure location, and future work will focus on evaluation with patients. 
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Introduction 
Above-knee amputees using a conventional 
prosthesis receive only limited sensory feedback. 
To some extent, they perceive ground contact by 
forces transmitted to the stump, but they can hardly 
perceive the exact location of the centre of pressure 
(CoP). It is hypothesized that this limited 
perception contributes to the reduced abilities of 
above-knee amputees to walk downhill [1]. To 
restore these lost functions, sensory substitution 
has been suggested, where unimpaired sensory 
receptors are used to replace the function of the 
missing ones. As an example, vibration on the skin 
of the residual limb can encode grasping force in a 
prosthetic hand [2]. Tactile sensations can also be 
elicited by pulsed currents passing through the 
skin, more commonly known as electrotactile 
stimulation. One advantage of electrotactile 
displays over vibrotactile displays is their low 
power consumption [3]. It has been shown that 
feeding back heel and toe pressure by modulating 
stimulation intensity of two separate electrode-
pairs on the back and on the front of the stump, 
proportionally to the respective pressure, improves 
gait symmetry in lower-limb amputees [4]. An 
interesting psychophysical phenomenon is the 
tactile phi phenomenon, or the phantom sensation. 
When two tactile stimuli are presented at adjacent 
locations with equal intensity, they are not 
perceived individually, but as a single stimulus 
between the two stimuli [5], [6]. When their 
relative intensity changes, the apparent location 
moves towards the stronger stimulus. This allows 
the use of only two stimulation sites to convey 
information on a continuously varying location. 
In this study, we investigated how well different 
electrotactile phantom sensations can be 
discriminated, in order to find out whether the 
phantom sensation could be used to encode the 
location of the CoP. In the first condition, subjects 
had to discriminate five different static stimuli. In 
the second condition, subjects were asked to 
identify six dynamic patterns that are inspired by 
CoP patterns occurring during different locomotor 
activities. The findings shall later be used to design 
a lower-limb sensory substitution system. 
Material and Methods 
Electrotactile Phantom Sensation 
The phantom sensation as described earlier can be 
evoked by two pairs of electrodes with a small 
distance between them (around 4 cm), which are 
stimulated with different relative intensities. If the 
intensities change linearly, the perceived stimulus 
intensity decreases when the perceived stimulus 
moves to the midpoint between the electrodes. To 
keep this perceived intensity constant, the two 
intensities can be modulated in a nonlinear, e.g. 
logarithmical, fashion [5]. 
Experimental Setup and Protocol 
Four able-bodied male subjects (24, 26, 27 and 30 
years old) participated in a feasibility study. We 
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used an electrotactile stimulator that was 
developed at the Artificial Intelligence Lab. It is 
voltage-based and was set to provide biphasic 
square pulses at 4 kHz on two channels, each 
channel corresponding to one pair of electrodes. 
The intensity of each channel was modulated by 
changing the duty rate of the biphasic pulse, while 
the amplitude was constant at 12 V for both 
channels. We used self-adhesive multilayer 
hydrogel electrodes (square, size 25 cm2); one pair 
of electrodes was placed with the lower edge 2 cm 
above the Spina Iliaca Posterior Superior. The 
lower edge of the other pair was placed 4 cm above 
the upper edge of the lower pair (Fig. 1). The pulse 
frequency of 4 kHz and the electrode placement 
used in this study were based on previous studies 
[7]. Once the electrodes were in place, they were 
calibrated to a minimum intensity slightly below 
the sensory thresholds and a maximum intensity 
that was clearly perceivable but still comfortable. 
During the experiments, the stimulus intensities 
were always scaled between these thresholds. 
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Fig. 1: Electrode placement and mapping to foot sole. 
Static Localization Task 
The region between the electrodes was divided into 
five discrete regions, which would correspond to 
five regions on the foot (Fig. 1), region 1 
corresponded to the lower pair stimulated at 
maximum intensity, and region 5 corresponded to 
the upper electrode pair being stimulated at 
maximum intensity. Signal duration was 1 s. The 
training phase started with displaying all regions 
sequentially, twice. Thereafter, subjects had to 
identify the active region in five subsequent 
training trials. Subjects were told the correct 
answer after each trial. In the test phase, each 
region was displayed four times in random order 
(20 trials in total). After each trial, the subject had 
to indicate on a virtual foot sole placed in front of 
them, as displayed in Fig. 1, which region had been 
active. Once the answer was given, the next trial 
was performed. This training and test procedure 
was performed twice, once with the linear mapping 
and once with the logarithmic mapping; the order 
of the two conditions was randomized between 
subjects. 
Dynamic Localization Task 
In this task, simple moving patterns were displayed 
to the subject, moving from one region in Fig. 1 to 
another at a constant speed, by continuously 
modulating the relative intensity of the two 
electrode pairs; the patterns were chosen inspired 
from patterns that occur in different locomotor 
activities (Table 1). All patterns were presented in 
2 versions, one of duration 0.5 s, and the other of 
duration 1 s. In the training phase, all patterns were 
displayed by the stimulator and the subject was 
told which pattern it was. At the beginning of the 
training session, all patterns of duration 0.5 s were 
displayed in the order presented in Table 1, first in 
descending order, and then in ascending order. 
After that, all patterns of duration 1 s were shown 
in the same order. In the test phase, each pattern 
was shown three times for both durations, in a 
random order, yielding 36 displayed patterns. The 
subject was asked to identify the start point and 
end point of each pattern. The training and test 
phase were performed twice, once with the linear 
mapping and once with the logarithmic mapping; 
the order of the two conditions was randomized 
between subjects. 
Pattern Corresponding activity 
1→5 Level-ground walking 
1→3 Downhill walking 
3→5 Uphill walking 
5→1 Walking backwards 
5→3 Stair descent (toe first) 
3→1 Stair descent (toe overlaps step edge) 
Table 1: Different moving sensation patterns; e.g. 1→5 
indicates a moving stimulus from region 1 to 5. 
Results 
Static Localization Task 
The averaged recognition accuracy resulted in a 
73% recognition rate for the linear mapping and 
69% for the logarithmic one (Fig. 2). 
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Fig. 2: Individual and avg. static recognition accuracy. 
With the exception of two single answers, all of the 
misclassified regions were found neighbouring the 
stimulated region (Fig. 3). 
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Fig. 3: Actual and identified static regions (avg.). 
Dynamic Localization Task 
All subjects achieved a higher accuracy for the 
slower patterns of 1s duration in both linear and 
logarithmic mappings (Fig. 4). For the linear 
mapping, the average accuracy observed was 83% 
for the patterns of 1 s, and 58% for the patterns of 
0.5 s duration. For the logarithmic mapping, these 
accuracies were 71% and 64% respectively.  
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Fig. 4: Individual and avg. dynamic recognition 
accuracy for 0.5 s and 1 s duration patterns. 
With the linear mapping, pattern 1→3 and 3→1 
were often confounded; the same can be stated for 
pattern 3→5 and 5→3. With the logarithmic 
mapping, other misclassifications appeared more 
often (Fig. 5). 
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Fig. 5: Actual and identified dynamic patterns (avg.). 
During the experiments, the subjects reported that 
the stimulus was perceived as a spread sensation 
rather than a single point, especially in the static 
condition. 
Discussion 
While a clearly localized phantom sensation could 
not be evoked in most situations, especially in the 
static condition, which corresponds to findings 
from other researchers [6], subjects could still 
distinguish the different stimuli with a good 
accuracy (Fig. 2, Fig. 4) on a two-channel 
electrotactile display. We observed no clear 
difference between linear and logarithmic 
mappings. 
Conclusions 
In this paper, we showed that a two-channel 
electrotactile stimulator can be used to display 
different location sensations in one dimension; 
they can be interpreted as CoP locations. Having a 
practical daily-life application for amputees in 
mind, the electrodes were attached on the lower 
back, close to the missing limb. While the tactile 
resolution on the lower back is not very high, and 
subjects only had very little time to familiarize 
with the system, they were able to distinguish five 
regions and dynamic patterns with a good 
accuracy. Future work will address whether this 
display is helpful for amputees during gait. 
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